Thromboembolism is a major risk of carotid angioplasty and stenting (CAS). Although the incidence of distal embolism has been documented by MRI and TCD studies, the mechanisms and management of this complication are rarely reported. Here we describe four patients with periprocedural embolic events to demonstrate the mechanisms of thromboembolism in CAS. Different remedies were applied to these patients according to the underlying mechanisms of thromboembolism and good clinical outcomes were achieved.
Introduction
Carotid angioplasty and stenting (CAs) is an alternative therapy to carotid endarterectomy for patients with carotid artery stenosis. The major drawback of this technique is the possible production of embolic debris either from the rupture of atherosclerotic plaques or thrombus formation on endovascular devices. Despite the utilization of stringent credentialing criteria for the operators, a 3% stroke risk is still inherent in the procedure according to the recent CrEsT study 1 . The incidence of new cerebral microembolic lesions detected by DWI following CAs ranges from 4% 2 -78% 3 of cases. Most of these lesions are distributed in the ipsilateral hemisphere, whereas some of them may occur in the contralateral hemipshere [4] [5] [6] [7] [8] [9] [10] , or the posterior circulation 7, 8 . Most of these DWI-positive spots are asymptomatic, with only about 15% of the patients develop TIAs or stroke 3, [6] [7] [8] [9] [10] [11] . Moreover, the evidence from TCD monitoring studies has confirmed that the embolic debris can be generated at all stages of the procedure, including the placement of the guiding catheter, before and after the placement of embolic protection devices 11, 12 , angioplasty, the deployment of stent, and even in the weeks following successful stenting 3, 8, [13] [14] [15] [16] [17] [18] . Most of these studies focused on the MrI or TCD findings related to the morbidity or mortality of CAs, or the effect of embolic protective devices. The detailed mechanism of debris generation and the management of these events are lightly touched upon in the literature. In our institute, the number of CAs we performed was around 1000 in the last ten years, and the complication rate was less 3%. In order to illustrate the causes underlying the embolic events and how to manage and avoid them in future practice, we describe four typical cases of CAs with embolic events and provide our experience in managing this complication.
Case Reports

Case 1
A 76-year-old man with a history of diabetes presented with recurrent TIAs of right extremity weakness for three weeks. laboratory data were all normal except for a high level of blood glucose. CT showed infarction in the left hemisphere (picture not shown). Digital subtraction angiography (DsA) showed >90% stenosis of left internal carotid artery (ICA) origin (figure 1A). We performed CAs under local anesthesia. All patients discussed in this case series were placed on aspirin and clopidogrel before the pro-tension and blood pressure was under good control. CT did not show any obvious infarction (picture not shown). DsA demonstrated severe stenosis at the origins of bilateral ICAs, worse on the left side ( figure 2A ). We performed CAs of the left ICA with an embolic protective device (Angioguard, Cordis) under local anesthesia. The lesion was predilated with a 5×40 mm balloon (Angioguard, Cordis). A stent (9×30 mm, Cordis) was deployed, but did not cover the distal part of the plaque due to displacement of the stent itself. We inflated another balloon (5×20 mm, Angioguard, Cordis) distal to the stent, and immediate DsA showed nearly normal lumen ( figure 2B ). There was no macroscopic visible debris in the protection device. The patient continued to have his previous symptoms. repeated DsA one week later showed intraluminal filling defect distal to the stent (figure 2C). We deployed a second stent to cover this segment (8×30 mm, Cordis) under distal embolic protection (Cordis) ( figure 2D ). The patient had no further event in four years of follow-up.
Case 3
A 71-year-old man with a history of coronary artery disease presented to our hospital with left hemiplegia (4/5). The laboratory data were all normal except for a high level of blood glucose and platelet aggregation rate. DsA demonstrated a severe stenosis of the origin of the right ICA ( figure 3A ). Under local anesthesia, an 8f guiding catheter was introduced into the right common carotid artery, and a distal protection device (filterwire, Boston scientific) was placed cedure. Double-antiplatelet therapy was continued for at least 30 days. Due to the tortuosity of his aortic arch (Type II), we spent 60 minutes to place an 8f guiding catheter (Cordis) into the left common carotid artery (CCA). After guiding catheter placement, we found an acute occlusion of the left ICA. A 0.014 microwire (PT graphy, Boston scientific) was navigated carefully through the occluded segment and a filter wire (Boston) was exchanged to the petrous segment of left ICA. After angioplasty of the left ICA origin with a 2.0×15 mm balloon (seQuent, B. Braun, Melsungen, germany), the occluded ICA was successfully recanalized. We then predilated the stenotic lesion with a 6×40 mm balloon, and deployed with a 10×24 mm stent (Wallstent, Boston scientific) across the lesion. The angiogram obtained immediately after stenting demonstrated nearly normal lumen of the left ICA ( figure  1B ). After retrieval of the protection device, we noted the occlusion of the paracentral branch of the left MCA (figure 1C), and some debris was found in the protection device, which was particulate, atheromatous material histologically. We catheterized the occluded artery with a microcatheter, and carefully pushed the embolus more distally with the microcatheter. The follow-up angiogram showed nearly normal blood flow ( figure 1D ). The patient recovered from anesthesia without focal neurological deficit.
Case 2
A 68-year-old right-handed man came to us with aphasia and recurrent TIA of right upper extremity weakness. He had a history of hyper- figure 1C ). The angiogram from the left ICA showed patent anterior communicating artery (ACA) with collateral flow from left to right (supplemental figure 1D ). Because of the narrow distal lumen (3 mm, image not shown) and the patent ACA, we decided not to use embolic protective devices or do any balloon dilation, but stented right ICA with a self-expanding stent (10×40 mm, Precise, Cordis) directly. The immediate angiogram showed less than 30% residual stenosis ( figure 4B ) and improved intracranial perfusion (supplemental figure 1E) . figure 4D ). Ultrasound beyond the lesion. After predilation with a 6×40 mm balloon (Angioguard, Cordis) at 6 atm, we noticed slow blood flow and near occlusion distal to the lesion (figure 3B). A stent (10×40 mm, Precise, Cordis) was rapidly deployed and the stenotic artery was recanalized without cut-off of intracranial vessels on DsA ( figure 3C ). The retrieved protection filter was found to be filled with atherosclerotic particles. And the histological analysis detected particulate, atheromatous material characterized by lipid-rich macrophages, fibrin material, and cholesterol clefts. The patient developed 2/5 left arm and leg weakness, which improved to 4/5 over 12 days without any additional treatment. The DWI after stenting showed new ischemic lesions on the ipisilateral hemisphere ( figure 3D ).
Case 4
A 71-year-old man came to us with recurrent TIAs of left upper extremity weakness. Carotid Doppler ultrasound showed a severe stenosis of right ICA with an echolucent plaque (supplemental figure 1A) . MrI demonstrated multiple ischemic lesions in the ipsilateral hemi- Figure 4 DsA obtained in case 4. A) Pre-operative DsA confirmed severe stenosis of the initial segment of right ICA and stagnant blood flow in the distal artery. B) After a self-expanding stent (10×40 mm, precise, Cordis) was deployed, the immediate angiogram showed the residual stenosis was less than 30%. C) DsA obtained 6 hours after stenting showed completely expanded stent without intraluminal filling defect. D) The CT scan obtained 24 hours after stenting showed a small new lesion in the right hemisphere (arrow). His symptoms improved two weeks later without additional treatment.
Discussion
factors associated with peri-procedural embolic events include excessive manipulation of devices 19, 20 , plaque instability 21, 22 , tortuosity of the aortic arch or common carotid artery (CCA) 6, 23, 24 , atherosclerotic aortic lesions 6, 16, [25] [26] [27] [28] [29] , and delayed local thrombus formation 3 . The first two factors are the most common reasons for embolic events. studies have documented the generation of embolic debris at all stages of the procedure, including the initial lesion crossing with a guidewire, balloon dilation and stent placement, and retrieval of the embolic protec-tion device 12 . Even the slight movement of an inflated balloon or deployed filter can facilitate the passage of embolic particles through the filter pore or the gap between balloon and artery resulting in distal embolism 30 . The first patient in this case series had tortuous aortic arch (type II) which contributed to the repetitive maneuver of the guiding catheter to gain access to the CCA. The guidewire or tip of the guiding catheter could have dissected the plaque, resulting in acute occlusion of the carotid artery. The exchange technique (catheterization with a 5f diagnostic catheter and exchange for the larger guiding catheter), or coaxial technique (a 4 or 5f diagnostic catheter inside the 8f guiding catheter) may be beneficial for complex aortic artery (types II and III). Thrombolysis in the setting of acute carotid occlusion during CAs is rarely indicated because the embolus usually comprises plaque rather than fibrin clot 31 . In distal embolic protection device are other reasonable but unproven techniques to reduce the risk of embolism in the setting of unstable plaque. The embolic event occurred without distal protection in the fourth case. Although we cannot guarantee that the use of distal a protection device can prevent distal embolism, the small lumen in distal cervical ICA should not preclude the use of a distal protection device. As shown in this case, the distal ICA collapsed for the lack of flow. After angioplasty and stenting of the proximal flow-limiting lesion, the caliber of the distal cervical ICA quickly returned to normal. We have observed this phenomenon over and over again in our experience of 986 carotid stenting procedures. Another unusual feature of the fourth case is the omission of balloon angioplasty. We observed continued selfexpansion of the stent, which could squeeze the unstable atherosclerotic plaque resulting in the extrusion of the plaque material through the struts of the stent, leading to distal embolism. This phenomenon is similar to what Aikawa et al. reported as intraprocedural plaque protrusion just after the retrieval of blocking balloon 20 . To mitigate this problem, we recommend predilation with a larger balloon (4-5 mm) under embolic protection. These four cases also demonstrated the timing of embolic events associated with CAs. Thromboembolism happened before angioplasty and stenting in the first case, during angioplasty and stenting in the third case, and in a delayed fashion in the second and fourth case. If monitored with TCD, the embolic signals can be detected even at more than six months after stenting 18 .
Conclusions
Thromboembolism can occur in different stages of CAs by different mechanisms. There is currently no reliable predictor of thromboembolic events. The use of embolic protection does not eliminate this risk. Once embolism occurs, action should be taken promptly based on the underlying mechanism to minimize the clinical impact of this event.
our first and third case, we achieved recanalization with angioplasty and stenting and distal vessel recanalization with microcatheter and guidewire agitation. The intraluminal thrombus was pressed and fixed to the vessel with a stent in the second case. The incomplete covering of the plaque by a stent is a rare cause for embolic event. Angioplasty is a controlled dissection of the intima. If the lesion is not entirely covered by a stent, the dissection may grow to cause restenosis or become the source of delayed thrombosis and distal emboli as happened in our second case. The benefits of embolic protection devices (EPDs) remain controversial since vitek et al. 32 and Theron et al. 33 proposed the concept of cerebral protection in the 1980s. There is no level-I clinical evidence to support the use of protection devices but level-III and level-Iv evidence suggests benefit 34 . some authors reported no difference of embolic events between cases done with or without EPD 35, 36 . Embolic events occur as high as 1.2%-7% despite the use of EPDs 37 . Moreover, there is no significant difference in protection against embolic events among the three types of EPD (distal occlusion, filters, and flow reversal systems) 30, 38 . In the third case, the distal filter was filled with atherosclerotic materials, some of which could have spilled out or slipped by the filter to occlude distal arteries. No current test can reliably predict the risk of showering of atherosclerotic material during CAs. Ultrasound and high-resolution MrI have been used to characterize plaques. rosenkranz et al. 21 analyzed plaque echolucency with B-mode ultrasound and computer-assisted measurement (gray scale median, gsM) to predict embolic events, suggesting that echolucent plaques are more vulnerable against endovascular manipulation than echogenic ones and that echolucency indicates plaque fragility. Theoretically, flow reversal devices may offer more protection against the shower of plaque debris. It remains to be seen if the flow reversal devices reduce the risks of distal embolism in patients with vulnerable plaques compared to the other types of EPDs. Applying aspiration to the guiding catheter before retrieval of the filter and partial capture of the
